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ntensive care unit (ICU)-acquired weakness (ICUAW) is an important consequence of critical illness. IC-UAW affects about 25% of people on mechanical ventilation, particularly in those with prolonged mechanical ventilation, 1 and is associated with greater morbidity and mortality. [2] [3] [4] ICUAW develops within hours of admission, and is persistent 5 during critical illness, as evidenced by an early reduction in quadriceps muscle size, 6, 7 abnormal muscle contractility, 8 and muscle weakness. [2] [3] [4] Development of ICUAW is the result of interacting factors such as length of ICU stay, sepsis, myotoxic medications (eg, corticosteroids, neuromuscular blockers), multiorgan dysfunction, aging, and comorbidities. 9, 10 Muscle weakness and functional deficits may persist for years after ICU discharge. 11, 12 Yet, few studies have quantified any long-term functional muscle deficits. In a study by van der Schaaf et al, 13 handgrip strength was reduced to 50% of the predicted values 1 week after ICU discharge. However, Medical Research Council scores of the same participants were normal or near normal (grades 4 or 5). 13 Poulsen et al 14 used dynamometry to evaluate knee extensor muscle strength, power, and endurance in individuals 1 year after ICU discharge. Although all aspects of muscle performance were reduced compared to the controls, the rate of force development (an indicator of muscle power) was the most impaired. 14 To date, the distal muscles of the lower extremity, such as the plantar flexors (PFs) and dorsiflexors (DFs) of the ankle, have not been evaluated. These muscle groups have important functional implications in gait and balance control. 15, 16 Loss of lower extremity muscle mass and strength is associated with mobility limitations, 17, 18 gait alterations, 19 and impaired postural control and balance. 20 Spatiotemporal gait parameters are commonly evaluated using instrumented walkways that measure gait velocity, step length and width, and time spent in single-and double-limb support. 21 This information can be used to study changes in walking pattern that may reflect altered dynamic balance or neuromotor control. 21, 22 Quantitative posturography is an additional tool that uses force plates to estimate the center of pressure (COP), in order to determine postural control and static stability during quiet standing and functional tasks. However, these measures have not been applied in individuals following a critical illness. This unique biomechanical information may provide novel understanding into the impact of any potential postural control changes resulting from critical illness.
The relationship between muscle function and mobility in people who have experienced a period of critical illness may provide important information about how to optimize physical rehabilitation to restore functional independence. To date, no studies have examined biomechanical properties of gait and postural control, together with muscle function, in this population. The objectives of this study were to quantify lower-limb muscle function and mobility outcomes at 3 and 6 months after ICU discharge; to compare with age-and sex-matched controls; and to identify associations between muscle strength and power with measures of gait and postural control in the post-ICU period. We hypothesized that deficits in muscle function, gait, and postural control would be observed at 3 months after ICU discharge compared to healthy controls, with improvement at 6 months post discharge. We also hypothesized that lower-limb muscle dysfunction would be associated with altered patterns of gait and postural control.
Methods
The study design was a nested, longitudinal study with continuous inclusion of people recruited between June 2011 to June 2013 from an ongoing study of long-term outcomes following critical illness 11 (phase 1: toward RECOVER; trial registration: NCT00896220). Informed consent was obtained from all participants.
Inclusion and exclusion criteria are detailed in the primary study. 11 In brief, people in the ICU were included if they were 16 years or older and were mechanically ventilated for at least 7 days. People in the ICU were excluded if they had a preexisting or current neurological injury, had a diagnosis of neuromuscular disease, or were nonambulatory prior to their ICU admission. Specifically, for this substudy participants were excluded if they reported any functional limitations affecting their ability to perform the required muscle function and mobility tests. Control participants were recruited from the local community, and were matched for age and sex to the post-ICU group. Control participants were excluded if they reported musculoskeletal problems (eg, arthritis, previous orthopedic surgery); a history of neurological conditions (eg, stroke, Parkinson disease); or cardiovascular, respiratory, or metabolic conditions (eg, heart attack, asthma, diabetes) that could affect muscle strength, balance, or gait performance.
Participants in the post-ICU group were from a sample of convenience from those attending follow-up appointments at 3 and 6 months for the primary study. 11 Participants were approached at the end of their appointment by the study coordinator to determine their interest in participating in the muscle and gait substudy. Follow-up appointments at 6 months were booked through telephone reminders by the study coordinators. Controls were tested at a single time point and were recruited between March 2012 and July 2013.
Muscle Function Assessment
Muscle strength (torque-generating capacity of the muscle) and power (rate of torque generation determined from a torque-time curve) were measured using Biodex System 4 isokinetic dynamometer (Biodex Medical Systems, Shirley, New York). Participants were asked to perform maximum isometric voluntary contractions of the knee extensors (KEs), PFs, and DFs. Participants were seated on the Biodex with straps placed across the shoulders, hips, and thigh for stability. Hip angle was kept at 90° for all assessments. Joint angles selected for isometric tests were based on the angle of peak torque generation: KEs at 60° of knee flexion; 23 and PFs and DFs with the ankle joint at 15° of plantar flexion with the knee stabilized at 35° to 40° degrees of flexion. We selected a single for both PF and DF torque that optimized the torque generation for both muscle groups. 24 For each muscle group tested, a warm-up contraction was followed by 5 maximal efforts to obtain peak torque. A 1-minute rest period was given between trials to minimize muscular fatigue. The raw signals from the Biodex dynamometer (torque, position, velocity) were sampled at a frequency of 100 Hz. Peak torque (N·m) was calculated at the highest torque reached among the trials, within 10% coefficient of variation. The rate of torque development (N·m/s), a measure of muscle power, was calculated from the time taken between 40% to 80% of the peak torque 25 and taken from the highest of the 5 trials.
Gait and Postural Control Assessment
Gait was assessed during a 6-minute walk test conducted in a quiet and leveled 30-m corridor using standardized procedures. 26 Spatiotemporal gait parameters were assessed using a portable, 6-m-long instrumented carpet (GAITRite; CIR Systems Inc, Franklin, New Jersey), which was placed midway along the corridor. GAITRite signals were sampled at 50 Hz, with the following variables extracted for analysis: gait velocity, stride time, stride length, step width, single support time, and double-support time. In addition, the coefficient of variation for stride time was calculated as a measure of gait stability, with lower variation indicating greater stability and reduced fall risk. 27 Postural control was assessed during quiet standing using two 6-degrees-of-freedom force plates (AMTI, Watertown, Massachusetts). All standing trials were on level ground and force plates. These plates were placed adjacent to each other, such that participants stood with 1 foot on each plate. The location of each foot was marked for repeated trials. The duration of each trial was 120 seconds, and analysis was completed on the middle 60 seconds. Participants engaged in four 2-minute trials of quiet standing; 2 eyes open and 2 eyes closed. Ground reaction forces were collected and sampled at 100 Hz and digitally filtered using a Butterworth filter with a 4-Hz cutoff frequency.
Mean power frequency content for both the anteroposterior (AP) and mediolateral (ML) directions was determined using a Discrete Fast Fourier Transformation to calculate the average power of the signal content. The mean power frequency defines the average frequency of the COP signal during a quiet standing session. The root mean square (RMS) of the COP signal represents the magnitude of variability. Both measures were used to characterize balance control, and have been employed to assess postural control strategies with clinical populations. 28 
Data Analysis
All statistical analyses were completed using JMP v. 9.0 software (SAS Campus, Cary, North Carolina). Normality was assessed using the Shapiro-Wilk test. Data that did not satisfy the assumption of normality was transformed with a logarithmic for negatively skewed data or square transformation for positively skewed data. Measures requiring transformation included physical therapy (KEs and PFs), rates of torque development (KEs and PFs), gait velocity, stride length, step width, stride-time coefficient of variation, single-support time, double-support time, AP RMS, ML RMS, and AP mean power frequency. To test our first hypothesis (between-group comparisons) and second hypothesis (change over time), a mixed-effects analysis of variance {group [control/ post-ICU (3 months or 6 months)]} was used to compare each group on muscle strength, power, and gait outcomes. A mixed-effects analysis of variance {group [control (3 months or 6 months)] × vision (eyes open or eyes closed)} was used to test postural control-dependent measures (RMS and mean power frequency of COP). Tukey-Kramer post hoc comparisons were made on any significant interactions effects. Significance was set a priori at an alpha value of .05. The 95% confidence intervals of the mean difference were calculated for each variable. To test our third hypothesis, the Pearson r was used to determine correlations between mobility and muscle function measures in each group, and was interpreted as follows: very low = .15-.24, low = .25-.49, moderate = .50-.69, high = .70-.89, and very high = .90-1.00. 29 
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Results
Sample Characteristics
Twenty-four individuals were tested 3 months after ICU discharge (6 women; age = 47.5 ± 16.1 years; weight = 74.2 ± 19.6 kg; height = 1.68 ± 0.12 m); 16 of them (67.0%) repeated the testing at 6 months after discharge (Fig. 1) . Participants lost to follow-up at 6 months were primarily due to being too busy or unavailable for a follow-up appointment (ie, lack of time) (n = 7) and missed appointment (n = 1). Age-and sex-matched healthy controls (n = 13) were tested at a single time point (4 women; age = 44.2 ± 16.2 years; weight = 72.9 ± 14.5 kg; height = 1.12 ± 0.42 m). Detailed characteristics of the post-ICU group are shown in Table 1 . The subgroup of 16 individuals who were tested at 6 months after ICU discharge did not differ from the group who was tested at 3 months in demographic or clinical characteristics (Tab. 1).
Muscle Strength and Power
Muscle strength and power measures are shown in Figure 2 . A significant group effect in muscle strength was found for KE peak torque (P = .01) and DF peak torque (P = .002). Tukey-Kramer post hoc analysis revealed significant differences between controls and post-ICU at 3 months (95% CIs = 25.08 to 88.60 for KEs and 7.06 to 18.96 for DFs) as well as controls and post-ICU at 6 months (95% CIs = 0.55 to 80.50 for KEs and 6.37 to 19.29 for DFs). No significant differences were observed in muscle strength measures between the 3-and 6-month post-ICU groups. Only minor, nonsignificant improvements in the strength of the KEs (15.2%) and DFs (8.3%), with a slight decrement in PFs (−3.7%), were observed between 3 months and 6 months in the post-ICU group.
For muscle power measures, between-group differences were found for the DF rate of torque development (P = .03) and post hoc comparisons revealed that controls differed from the 3-month post-ICU (95% CI for DFs = 10.85 to 55.09) and 6-month post-ICU (95% CI for DFs = 9.16 to 56.20) groups. No significant differences were observed between the 3-and 6-month post-ICU groups. Minimal improvement in power was found between 3 and 6 months in KEs (6.2%) and DFs (1%), whereas a decrement in power in PFs (−10.7%) was observed.
Spatiotemporal Parameters of Gait and Postural Control
The gait parameters are summarized in Table 2 . Significant group effects were observed for step width (P = .01), step length (P = .01), and double-support time (P = .01). Tukey-Kramer post hoc comparisons revealed that the 3-month post-ICU group had a significantly shorter step length (95% CI = 0.09 to 0.35), narrower step width (95% CI = 0.05 to 0.19), and spent more time in double-support time (95% CI = −0.09 to −0.01) than controls. No differences in gait parameters were found between the post-ICU group at 6 months and the control group or between the post-ICU group at 3 months and the post-ICU group at 6 months. Table 3 
Relationships of Muscle Function With Gait and Posture
Significant correlations between muscle function and gait measures were observed in the post-ICU and control groups (eTab. 1; available at https://academic.oup.com/ptj). Leg muscle strength and power showed low to moderate positive correlations with gait velocity, stride length, and step width in the post-ICU group at 3 months (r = .44 to .65; P = .003-.02) (eTab. 1). PF strength and power were negatively associated with double-support time (r = −.42; P = .035) and single-support time (r = −.50; P = .011). KE power also showed a negative association with double-support time (r = −.039; P = .049). In the control group, KE strength, KE power, and PF strength showed moderate correlations with stride length and step width. However, muscle function was not associated with gait velocity or temporal parameters (eTab. 1). Postural control measures were not associated with muscle function measures in either the post-ICU or the control group (eTab. 2).
Discussion
To our knowledge, this is the first study to quantify muscle function, gait, and postural control in the early, post-discharge recovery period in individuals who were mechanically ventilated for at least 7 days in the ICU. Our results demonstrate impaired lower limb muscle strength and power, particularly of the distal leg muscles, with only minimal changes in muscle function from 3 to 6 months after ICU discharge. Indications of a "cautious gait" strategy were observed in the 3-month post-ICU group compared to the control group, but this was no longer present in the 6-month post-ICU group. Alterations in gait parameters were associated with impairments in leg muscle strength and power with the 3-month post-ICU group. Finally, static postural control was not impaired in individuals after ICU discharge, and did not show a relationship with muscle function. Our findings suggest that a "cautious gait" strategy observed in the early phase after ICU discharge is consistent with deficits in lower extremity muscle strength and power.
Our data revealed a deficit in knee extensor strength in people recovering from critical illness 3 months after ICU discharge, with minimal (15.2%) improvement by 6 months. Knee extensor power was also compromised in our cohort at 3 and 6 months post discharge. This is similar to the findings of Poulsen et al 14 in men who were 12 months after ICU discharge and who had lower peak torque and rate of torque development of the knee extensors compared to controls. In our study, we also measured the strength and power of distal muscles; the ankle PFs and DFs. Our results revealed significant reductions in DF muscle strength and power between the post-ICU group at 3 and 6 months compared to the control group. The deficits observed in PF strength and power in the post-ICU group did not reach statistical significance, which may have been due to large within-group variability in the measures. Weakness of proximal muscle groups, such as the hip extensors and hip abductors, is common in ICUAW; however, due to limitations in positioning participants comfortably to test these muscles using computerized dynamometry (supine or side lying), we were unable to test these muscle groups in the current study.
We found that at 3 months after ICU discharge, there were greater deficits in muscle power than muscle strength compared to controls, particularly in the distal leg muscles. At 3 months, the post-ICU group demonstrated 43.5% lower rate of torque development for KEs, 42.3% lower for DFs, and 69.3% lower for PFs compared to the control group. Similarly, decrements in muscle power with aging are more substantial
Figure 2.
Comparison of mean absolute values of strength (top) and power (bottom) of lower-limb muscle groups between participants at 3 and 6 months after discharge and age-and sex-matched controls. Values are means and standard deviations. Asterisks indicate significant differences, with significance accepted at a P value of <.05. DF = dorsiflexors, KE = knee extensors, PF = plantar flexors, RTD = rate of torque development.
than loss of muscle strength, 30 and muscle power is reported to be a better predictor of physical function (walking speed and sit-to-stand) than muscle strength in older adults. [31] [32] [33] The age-related decrements in muscle power have been attributed to a preferential atrophy and loss of fast twitch (type II) muscle fibers, loss of motor units, impaired neuromuscular recruitment, and muscle fat infiltration. 34 In individuals at 12 months after ICU discharge, Poulsen et al 14 found that muscle decrements were due to intrinsic muscle properties rather than deficits in neural activation. A study from our group in individuals at 6 months after ICU discharge also showed that the recovery of muscle size may not translate into improved muscle functional outcomes, lending further support for the importance of deficits in the intrinsic muscle contractile capacity. 35 Therefore, further studies are needed to understand the mechanisms of muscle power deficits particularly in DFs, which appear to persist for a longer period after ICU discharge.
Our participant group exhibited signs of "cautious" gait at 3 months post discharge. This result suggests that during gait, participants had an altered walking strategy, as demonstrated by significantly shorter strides and longer time spent in double support as well as slower gait velocity and longer stride time. Improvements in gait parameters were observed at 6 months and did not demonstrate any statistical difference between our 6-month group and control group.
Step length and step width were associated with KE, DF, and PF strength and power outcomes. Similar relationship of gait parameters and muscle function has been reported in older adults, 36,37 knee osteoarthritis, 38, 39 and neuromuscular diseases. [40] [41] [42] [43] [44] [45] Impairments in muscle strength and power may also have implications for daily functional tasks such as sit-to-stand, higher-level balance activities, and physical activity levels, and should be examined in the post-ICU population.
Our data did not reveal any differences in static postural control in the early post-ICU discharge period using quantitative posturography between groups tested in the current study. However, the use of visual input (eyes open vs eyes closed, quiet standing) affected postural control and indicates a normal dependence on vision to maintain balance for participants, considering no interaction was found between visual input and group.
This study included a small, heterogeneous sample of individuals who were tested at 2 discrete time points after ICU discharge. We only tested individuals who volunteered to undergo additional tests of physical function, apart from the main study. These individuals were younger and had better function, based on 7-day post-ICU Functional Independence Measure scores, than the overall cohort in the toward RECOVER study. This placed them in the disability risk group with the best recovery trajectory. 11 These participants were likely to have better functional recovery, and may also have better caregiver support than the larger group of patients in the toward RECOVER study. This limits the generalizability of our findings.
In this small sample, we were not able to investigate several confounding factors affecting muscle function, such as age, length of ICU stay, or comorbidities. We did not systematically collect the use of myotoxic and/or neurotoxic medications during the period of critical illness. The study participants may have been exposed to high-dose corticosteroids affecting muscle, or ototoxic and neurotoxic medications affecting their vestibular system (eg, high-dose Lasix, aminoglycosides, and vancomycin), which could have led to long-term deficits in muscle function or postural control. However, medication use was not carefully tracked in our study participants. The study was also underpowered for within-group comparisons of participants from 3 to 6 months; post hoc power analysis revealed that we achieved 20.0% power for difference in KE strength from 3 to 6 months. Although all participants received physical therapy, including early mobilization in the ICU, we did not specifically examine activity during hospitalization, or current level of physical activity or functional status prior to ICU admission. Furthermore, our study recruited participants who did not feel restricted in their mobility and could perform the tests-all of which may have impacted the data reported. Finally, our postural control data reflected the COP trajectory and did not directly reflect center-of-mass displacements, which would require full body kinematics. Therefore, direct conclusions on control of center of mass cannot be made but would provide further insight into how postural control was affected in our study participants.
The findings from the current study provide a longitudinal description of mobility and muscle function in a group of individuals recovering from critical illness. Our findings indicate that lower-limb muscle functions remain in deficit up to 6 months after ICU discharge, and that muscle dysfunction is more prominent in the distal muscles of the ankle compared to the knee extensors. Muscle strength and power are associated with the parameters of gait, whereas static postural control is not affected in these individuals or associated with muscle function. The findings of this study provide direction for prospective observational and rehabilitation intervention studies in the early post-ICU discharge period. Future studies are needed to examine the role of proximal muscle groups (eg, hip abductors and extensors) on gait and mobility in this population and the impact of muscle weakness on other functional outcomes, such as physical activity level and higher-level balance tasks in the post-ICU period. Table 3 . 
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